Fouling of natural organic matter is one of the common problems in water treatment plant. Despite physical and chemical treatment normally used to recover the flux loss, membrane surface properties also not less important to be considered. In this study, UV-photografting technique was applied to modify commercial nanofiltration (NF) membrane surface in order to reduce fouling tendency. Neutral hydrophilic N-vinylpyrrolidone has been chosen as the monomer for the UV-photografting. The result revealed that the grafted membrane at optimum conditions exhibits low humic acid fouling tendency compared with the unmodified membrane. In addition, both the unmodified and the UV-grafted polyethersulfone NF membranes were characterized in terms of structural properties (pore size, r p, and ratio of membrane thickness to porosity, Dx/A k ) using Pore Model in order to evaluate the effect of UV-photografting modification on structural parameters and indirectly influence the membrane performance and fouling as well.
Introduction
Membrane surface modification is extensively applied to increase membrane performance (i.e. high permeate flux and rejection factor) and to reduce its fouling. Various methods have been considered such as interfacial polymerization [1, 2] , plasma treatment [3, 4] , ion beam [5] , electron beam [6] , chemical grafting polymerization [7, 8] , and UV-photografting polymerization *Corresponding author.
Presented at the Conference on Membranes in Drinking and Industrial Water Production. Leeuwarden, The Netherlands, 10-12 September 2012. Organized by the European Desalination Society and Wetsus Center for Sustainable Water Technology [9] [10] [11] [12] [13] . Among these surface modification methods, UV-grafting has been widely used because of its simplicity, low cost, and breadth field of applications [14, 15] . Some research studies show that surface modification by UV-grafting polymerization significantly affects the membrane morphology and its performance [16] [17] [18] . It was claimed that a successful membrane modification procedure should guarantee a reasonable permeate flux and a high rejection of the solutes under study without providing additional data to support their claims such as the membrane characteristics (i.e. membrane pore size and skin layer thickness) [8] [9] [10] [11] [12] . The permeate flux and rejection characteristics of the thin film composite nanofiltration (NF) membranes are normally determined by the morphology of the top thin layer supported by a microporous sublayer. The membrane pore size determines the selectivity, while the permeate flux depends on the thin layer thickness and pore density. Therefore, it is important to know the membrane pore size and the thin layer thickness not only its permeate flux and rejection factor.
There are several methods that can be used to estimate the membrane pore size: bubble point technique, mercury porosimetry, microscopic techniques (i.e. atomic force microscopy, AFM, and scanning electron microscopy, SEM), permporometry, thermoporometry, and solute transport method [19] .
In this study, hydrodynamic model or pore model (PM) is applied to determine the pore size and the thickness of the membrane thin layer. The main objective is to characterize NF UV-grafted membranes by N-vinylpyrrolidone (NVP) in terms of physical properties and its effect on the membrane performance (i.e., permeability, rejection factor, and fouling index).
Characterization of NF membranes by PM
Generally, the solute separation or solute rejection is estimated as:
where C p and C b are the solute concentration in the permeate and in the bulk feed solutions, respectively. Due to the concentration polarization effect, the solute concentration at membrane surface is higher than in the bulk solution. Therefore, the real rejection factor is applicable to represent the membrane rejection as [20, 21] :
where the membrane surface concentration, C w , is not obtained directly from the experimental work. Based on the concentration polarization model, C w can be correlated with the other measurable parameters (i.e. solute permeate flux, Jv, permeate concentration, C p , and bulk concentration, C b ) as [20, 21] :
k is the mass transfer coefficient in the boundary layer and can be determined from the following correlation [20, 22] :
where D i,1 is the solute diffusion coefficient, d H is the hydraulic channel diameter, and Sh is the Sherwood number.
Hydrodynamic model/PM
The most common approach used to model the transport of uncharged solute inside the membrane can be expressed by the hydrodynamic model or PM [23] as:
where j i is the flux of solute i and the terms on the right hand side represents the transport due to diffusion and convection, respectively. Further details can be found elsewhere [23, 24] . In order to obtain an expression for the rejection of the solute, Eq. (5) is integrated along the membrane thickness (0 < x < Dx) with the solute concentrations in the membrane expressed in terms of the external concentration (C w and C p ) using the equilibrium partition coefficient, U:
where k ¼ r s r p
Eq. (5) can be integrated and combined with Eq. (6) to give the following expression for the calculation of the real rejection factor:
where the Peclet number, Pe m , is defined as:
According to Deen [25] , the hindrance factors K i,c and K i,d are function of k and are related to the hydrodynamic coefficients K -1 , the enhanced drag coefficient and the lag coefficient (G) as follows:
These hydrodynamics coefficients with a limited range of k (0 < k < 0.95) are well-expressed by Bowen and Mohammad [24] through third-order polynomial equations:
Gðk; 0Þ ¼ 1:
In this model, the pure water flux is described by Hagen-Poiseuille equation, which relates the membrane structure parameters, r p and Dx/Ak as:
where Dx is an effective membrane thickness and Ak is membrane porosity.
Experimental

Materials
The flat sheet membrane NFPES10 supplied by NADIR filtration GmbH (Germany) was used as support for UV-photografting polymerization technique. Its characteristics as specified by the manufacturer are summarized in Table 1 . The neutral monomer NVP, used for UV-photgrafting polymerization was purchased from Acros Organics Co. In this study, to determine the membrane pore size, polyethylene glycol (PEG) of different molecular weights in the range of 200 g/mol to 3,350 g/mol were chosen for NF membrane characterization. All PEG solutes were purchased by Sigma-Aldrich Co. The solute diameter and diffusivity of each PEG are shown in Table 2 .
UV irradiation
UV-light system of wavelength 365 nm using a B-100 lamp (Ultra-Violet Products Ltd) with a radiation intensity of 21.7 mW/cm 2 was used to modify the membrane surface by immersion method. The UVlight intensity was measured by the light intensity meter (Cole Parmer Instrument Co., VLX-3 W). The reactor system and the modification protocol were described previously (Abu Seman et al., 2012). The membrane was modified using different concentration of monomers for a predetermined irradiation time. Table 3 shows the summary of the membrane modification conditions.
Membrane characterization
2.3.1. Membrane permeability and natural organic matter fouling NF experiments have been carried out using a plate-and-frame membrane module with an effective , which can be operated under a transmembrane pressure in the range of 100-900 kPa. For each membrane, three samples were considered and the results were averaged. The feed solution is circulated through the membrane module by a pressure pump (D series, Tuthill Pump Co., California). In all NF experiments, the feed and retentate flow rates were maintained at 0.4 L/min. The permeate flux (J) of each membrane sample was determined by weighing the obtained permeate during a predetermined time using an electronic balance (Precisa, Model XB3200C) connected to a computer and calculated by the following equation.
where W is the weight of the obtained permeate during a predetermined NF operation time (Dt) and A is the membrane area. Before all NF experiments, each membrane was pressurized at 700 kPa for at least 2 h using deionized water to reduce compaction effect. Subsequently, the pure water experiments were conducted at different transmembrane pressures, DP (400, 500, 600 and 700 kPa) in order to determine the pure water permeation flux (J w ) using Eq. (14) . The membrane permeability, P m , was determined from the slope of the straight line that can be obtained by plotting the permeate flux (J w ) against DP following the following equation.
Humic acid (Sigma Aldrich) aqueous solutions were used as a NOM model and tested at transmembrane pressure of 600 kPa. In this study, the pH of humic acid feed solution with a concentration of 15 mg/L was adjusted at pH 7 and pH3 by using 0.1 MNaOH or 0.1 MHCl. For both the un-grafted and the UV-grafted membranes, before and after NF experiments with humic acid solution, the system was washed with deionized water and the pure water permeation flux (J wf ) was measured again in order to evaluate the irreversible fouling in terms of pure water flux reduction, called hereafter irreversible fouling factor (FR w ). This is determined as follows [26, 27] .
Determination of structural parameters
In order to estimate membrane pore radius (r p ), NF experiments were conducted using aqueous solutions containing PEG solute with a concentration of 200 ppm, a feed operating pressure of 600 kPa and a feed flow rate of 0.4 L/min. The feed solution temperature was maintained constant at room temperature. The solute concentration in the feed, retentate, and permeate were measured by the total organic carbon analyzer and solute rejection (R) was calculated using Eq. (1).
AFM analysis
The surface of both the un-grafted and the grafted membranes were characterized by a multimode AFM (Veeco Instruments (USA)). Comprehensive reviews on membrane characterization by AFM are available in the literature [28, 29] . The images were obtained over different areas of each membrane sample. In this study, tapping mode was used, and the same tip was employed to scan the surface of all membranes. Finally, all captured images were treated in the same way. From the obtained AFM images, the root mean square roughness, RMS, was determined considering the same scan range of 5 lm Â 5 lm for all images.
Results and discussions
Membrane water permeation
The water permeation of each membrane was determined from the measurements of the water flux as a function of the applied pressure. The obtained pure water permeability (P m ) of the un-grafted and the UV-grafted membranes are summarized in Table 4 . The permeability of the NVP UV-grafted membranes was found to be lower than that of the unmodified NFPES10. In our previous study [18] , this phenomenon was discussed in terms of monomer hydrophilicity, monomer reactivity and monomer size based on other research findings without considering the mem- brane structure parameters. In order to understand this phenomenon, the PM was considered to determine the membrane structure properties (i.e. r p & Dx/Ak) and its effect on the membrane performance.
Membrane characterization using PM
Based on PM, the membrane pore radius (r p ) can be determined by solving Eq. (7). The results are given in Table 5 for the membrane NFPES10 and the UV-grafted membranes. It was observed that different pore radius was obtained from different individual PEG solutes. For example, the obtained pore radius of the membrane NFPES10 using PEG200 is 0.58 nm; however, it is 1.62 nm when the PEG molecular weight is higher (PEG3350). It seems that when the molecular weight of the used solute is higher the obtained membrane pore size is larger. The variation of r p values represented by the individual PEG solutes indicates that the membrane possess a wide range of pore size. An average value (i.e. mean) and the corresponding standard deviation were calculated and the obtained results are also shown in Table 5 . For all membranes, the r p value calculated using PEG3350 was excluded from the calculation of the average value due to the limitation of value. It was observed that for all membranes, the k value given by PEG3350 is more than 0.95, which is not valid for PM (0 < k < 0.95). This phenomenon could be explained by the membrane MWCO as well. For example, in the case of NFPES10 membrane with a MWCO of 1,000 Da (as provided by manufacturer), any solute with a molecular weight higher than this value is not preferable for membrane characterization since the These data were excluded from the average value of r p due to the limitation of k value (0 < k < 0.95).
solute radius (r s ) is bigger than the pore radius (r p ) and almost all the solutes are rejected. In order to keep the value of k = r s /r p less than 0.95 to maintain the validation of the PM model, the r s value must be always less than r p (r s < r p ). However, in the case of PEG3350, where the solute radius is almost similar or greater than the pore radius (r s P r p ), the obtained k values are deviated from the limitation. As can be seen from Table 5 , all membranes exhibit pore radius in the range of NF membranes. Based on the PM model, with exception of the membranes modified using the highest monomer concentration (50NVP-1), the NVP UV-grafted membranes exhibit slightly larger pores size than the un-grafted membrane NFPES10. In terms of water permeability, the NVP UV-grafted membranes exhibited lower values than the un-grafted NFPES10 membrane (Table 4) , although the NVP UV-grafted membranes possess larger pore sizes. This may be due to the thickness of the formed grafted polymer layer. Using the average r p values given by the PM model, another important parameter, ratio of the membrane thickness and porosity (Dx/A k ) was determined using Eq. (13) . The results are summarized in Table 5 . The NVP UVgrafted membranes show a higher value of Dx/A k compared with the un-grafted membrane NFPES10. The results show that NVP UV-grafting modification produced a thicker membrane top layer that contributes to the increase in the membrane resistance (i.e. decrease in the membrane permeability compared with the un-grafted NFPES10 membrane), although the pore size of the NVP UV-grafted membranes are greater. This result clarified our previous speculation [18] that the neutral NVP monomer grafted on the membrane surface produced a thicker layer than the un-grafted NFPES10 membrane. In general, even there is a slight change in pore size was observed after modification, this changes, however, is not too significant compared with the other structure parameter (Dx/A k ). As can be seen in Fig. 1 , regardless of irradiation time, the ratio of membrane thickness to porosity (Dx/A k ) increased as the NVP monomer was increased.
NOM fouling
The results of the NOM irreversible fouling factor, FR W , of the un-grafted and the UV-grafted membranes by NVP are shown in Fig. 2 using humic acid aqueous solutions of pH 7 and 3, respectively. At neutral pH, all UV-grafted membranes exhibited a lower irreversible fouling factor than that of the un-grafted membrane. This may attributed by the existence of a new thicker grafted hydrophilic PVP layer on the membrane reduce the interaction between humic acid molecules and membrane surface, hence reduce fouling. Moreover, for all membranes, it can be observed that the irreversible fouling at a pH 7 is less than that at pH3. This result is influenced by the change of the humic acid characteristics at different pH environments [30] . When humic acid molecules become coiled, spherical in shape and compact at pH 3, the effect of roughness on fouling is more significant than at pH7. As can be seen clearly in Fig. 2 , even 5NVP-3 membrane has higher thickness (correspond to thicker hydrophilic PVP layer) than un-grafted NFPES10 membrane, it still exhibits the highest FR W value at pH 3 and this may due to the highest value of roughness as indicated by RMS. This means that at pH3, the membrane hydrophilicity becomes less important but the surface morphology (i.e. roughness in this study) more significant effects on the membrane fouling.
Conclusions
The commercial NF NFPES10 membrane was successfully modified by UV-photografting polymerization method using the neutral hydrophilic monomer NVP. The result reveals that UV-grafting significantly affects the membrane structure parameter (pore size and skin layer thickness) and consequently the membrane performance. The obtained pore size values of all membranes are in the range of commercial NF membrane characteristics [24] . In terms of membrane thin layer thickness, membranes grafted with NVP are thicker than the un-grafted NFPES10. NOM-fouling experiment showed that the grafted NVP membranes exhibited high antifouling characteristics than ungrafted one at neutral pH environment. However, under acidic condition of pH3, membrane roughness significantly affects the membrane fouling than hydrophilicity characteristic.
In general, it can be concluded that under both pH environments (neutral and acidic), a moderate NVP concentration (15 g/L in our study) is enough to produce a good membrane with lower fouling.
